The influence of filler materials on volumetric and mechanical performances of asphalt concrete was investigated in this study. The AC60/70 asphalt binder incorporating with cement and fly ash as filler materials was mixed with limestone following the Marshall mix design method. The filler contents of cement and/or fly ash were varied. The non-filler asphalt concrete mixtures of the AC60/70 and the polymer modified asphalt were prepared for the purpose of comparison. The investigation programme includes the indirect tensile test, the resilient modulus test and the dynamic creep test. The tests are conducted under the humid temperate environments. All tests were then carried out under standard temperature (25°C) and high temperature (55°C) by using a controlled temperature chamber via the universal testing machine. The wet-conditioned samples were prepared to investigate the moisture susceptibility. Results show that cement and/or fly ash were beneficial in terms of improved strength, stiffness and stripping resistance of asphalt mixture. In addition, the combined use of cement and fly ash can enhance rutting resistance at wet and high temperature conditions. The results indicate that the strength, stiffness and moisture susceptibility performances of the asphalt concrete mixtures improved by filler are comparable to the performance of the polymer modified asphalt mixture. Ó 2016 Chinese Society of Pavement Engineering. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Materials broadly employed to construct the surface layer of flexible pavement is an asphalt concrete, which is the composite material mixed from aggregates and asphalt binder. While the aggregates conduce resistance to support traffic loads, the asphalt binder contributes viscous-elastic behaviour to help with the adhesion of aggregate particles. The practicable size range of aggregate is from 50 mm to 0.075 mm. From this range the fine aggregates are defined to be smaller than 4.75 mm and the coarse aggregates are bigger than 4.75 mm. Even though particle size of the filler is less than 0.075 mm, it is well-known that the filler plays an important role in providing better packing conditions between the coarse and fine aggregates. It also leads to the greater stability within asphalt concrete and the reduction of optimum asphalt content.
Filler is categorised as a fine material which can be used to modify the properties of asphalt binder and asphalt concrete mixture. To this point, Portland cement, hydrated lime, fly ash, limestone dust, and clay particles are counted as fillers. The filler is not considered as a part of the aggregates. It is a modifier to improve the temperature susceptibility and durability of the asphalt binder as well as the asphalt concrete mixture [1] . The moisture susceptibility can be reduced by using the mineral fillers, for instance, hydrated lime [2, 3] . In addition to utilisation of mineral fillers, the strength and stiffness of asphalt concrete can be increased [4] . The purpose of studying the characteristics of mineral filler is to enhance the performance of asphalt concrete in particular to increase the stability and durability against rutting and shoving. Lesueur et al. [3] presented that the durability of asphalt concrete mixtures can be increased by 2-10 years when the 1-1.5% of hydrated lime is used in the mixture. It is also found that Portland cement utilised as the filler can improve the anti-stripping properties of asphaltic concrete [5, 6] . Additionally, the significant improvement on the moisture resistance characteristics can be observed when fly ash is employed to replace the cement and hydrated lime in producing asphalt concrete mixtures [7, 8] .
The key factors separating the fillers are particle shape and size, void content, surface area, mineral, chemical properties, and other physical properties [9] . By this reason different kinds of fillers replaced in the asphalt mixture lead to various asphalt mixture performances. This research aims to study the influence of filler types and fractions on the asphalt concrete mixture's properties. The materials selected to be the filler for this study are cement and fly ash. The contents of cement, fly ash and their combination were varied in the mixtures. The performance characteristics of the asphalt concrete mixture containing different types and fractions of filler were evaluated by various laboratory tests. The tests are conducted under the humid temperate environments of Thailand. To reach the standard test requirement, a minimum of three specimens was evaluated in each test.
Materials and testing programme

Materials
Most pavements in Thailand are constructed using asphalt mixes, consisting of AC60/70 penetration grade asphalt cement and aggregates. Mineral fillers such as limestone dust and cement are used to enhance the stability and durability of the asphalt concrete mixture. There is still no specification of filler material approved by the Thailand's Department of Highways (DOH). In the study, a local asphalt mix design based on the standard of the DOH commonly used in a flexible paving project was employed. In order to compare the performance of filler mixtures, the typical hot mix asphalt (HMA) without fillers and the polymer modified asphalt (PMA) mixtures were also prepared. Therefore, the locally-produced AC60/70 asphalt binder and the polymer modified asphalt were chosen in this study. The limestone aggregate used in the lab mixes was also obtained from an approved paving project. The aggregate particles were sieved according to the required size ranges in preparation to blend the considered asphalt mix with the approved gradation as shown in Fig. 1 . Basic properties of aggregate were tested and summarised in 
Asphalt concrete mixture preparation
Asphalt cement together with a 12.5-mm nominal maximum aggregate size of limestone were employed to prepare asphalt mixes. The mixture specimens were designed according to the Marshall method which is also used by the Thailand's Department of Highways. In this study, a total of 11 mixtures were prepared as summarised in Table 4 . The HMA and PMA are the mixtures without filler, which are fabricated from the AC60/70 and the polymer modified asphalt binder, respectively. The letter C and F refer to the mixtures with cement and fly ash added as filler, respectively, and the number after the letter means the percentage of filler by weight of the aggregate. For example, C1.5F1.5 refers to the mix with 1.5% cement + 1.5% fly ash added by weight of the aggregate. The optimum asphalt content of 5% was determined from the HMA mix according to the Marshall design method [11] . In this study, the asphalt content of 5% was fixed for all mixes.
All materials were prepared in accordance the Marshall method (ASTM D6926) [12] . Before the mixing process, the aggregates were heated at 100°C for 24 h to ensure moisture-free conditions and continued to be heated for 2 h at a mixing temperature of 150°C. The asphalt was also heated at 150°C in the oven. The specimens with dimensions of approximately 102 mm (4 inch) diameter and 64 mm (2.5 inch) height were compacted by using Marshall hammer compaction at 135°C. The specimens were compacted at 75 blows per side according to heavy traffic conditions. After a 24-hour curing period for the Marshall specimens, volumetric measurement was conducted for all specimens. The results of volumetric properties of all mixes are summarised in Table 4 .
Testing programme
The experimental tests including the Marshall stability (ASTM D6927) [13] , the indirect tensile test (IDT) (ASTM D4867) [14] , the resilient modulus (Mr) test (ASTM D4123) [15] , and the dynamic creep test (BS DD226) [16] were carried out through this research as summarised in Table 5 . Following the Marshall stability test, the specimens were soaked at 60°C for 24 h, and then the conditioned specimens were loaded to failure at a constant rate of 1.65 mm/min. The ratio of the stability to flow, which is stated as the Marshall quotient (MQ), indicates the stiffness of the specimen. For the indirect tensile, the resilient modulus, and the dynamic creep tests, a controlled temperature and humidity chamber is used to manage the Table 3 Basic properties of Portland cement and fly ash.
Material
Retained on sieve #325 (%) Blaine fineness (cm 2 /g) Mean particle size (d 50 , lm) Specific gravity   Portland cement  13  3,420  11  3.15  Fly ash  29  3,602  19 2.12 Remark: HMA = Hot Mix Asphalt (without filler), PMA = Polymer Modified Asphalt (without filler), C = Cement, F = Fly ash (e.g. C1.5F1.5 = 1.5% cement + 1.5% fly ash mixture).
(a) Portland cement (b) Fly ash
temperatures desired for the testing samples at 25°C and 55°C. In order to examine the moisture sensitivity, the conditioned specimens were soaked at 55°C for 24 h prior to the test started. The details of testing conditions are summarized in Table 5 .
For the indirect tensile test, the cylindrical specimens are subjected to monotonically compressive loads, which act parallel to the vertical diametric plane, by using the 200 kN Universal Testing Machine (UTM). This type of loading produces a relatively uniform tensile stress acting perpendicular to the applied load plane and the specimen usually fails by splitting along with the loaded plane. The indirect tensile strength (ITS) is then defined as the maximum strength. The test method has been carried out similar to the previous research by the authors [17] . The 14 kN cyclic UTM was employed in the resilient modulus and the dynamic creep tests. To evaluate the mixture's resilient modulus, 10% of indirect tensile strength (ITS) values at each temperature are used for the resilient modulus test. The specimens are continuously loaded by 1 Hz frequency (loading period for 0.1 s and rest period for 0.9 s) with 155 cycles, which the first 150 cycles are for preloaded conditions and the last 5 cycles are for measuring the resilient modulus. The dynamic creep test or the permanent deformation test was performed according to the British Standard [16] , a deviator stress of 100 kPa was used in the unconfined test, and the loading frequency of 1 Hz (loading period for 0.5 s and rest period for 0.5 s) with 1800 cycles or until the specimen is failed was applied.
Results and discussion
Material characterisation
The limestone used for coarse and fine aggregates was relatively clean and free from deleterious material, and the particle shape was relatively flaky and irregular. The properties of limestone such as flakiness index, LA abrasion, soundness and sand equivalent satisfy the Thailand's Department of Highways requirement for asphalt concrete mixture application [18] . It is noted that the Thailand's Department of Highways standards are rather similar to the ASTM and AASHTO standards [19] [20] [21] . The properties of cement and fly ash are shown in Table 3 . The specific surface area (the surface area per unit mass) was tested by Blaine fineness. The specific surface area of fly ash is slightly higher than that of cement. The fine particle size (i.e., sieve No.325 with an opening size of 0.044 mm) and the mean particle size (d 50 ) were tested and reported. The particle size of fly ash is higher than that of cement. The specific surface can be correlated with particle size and linked to physical and mechanical properties of the mixture. The specific gravity of cement is greater than that of fly ash. The particle shape, size and morphology of the cement and fly ash were examined by using scanning electron microscopy (SEM) as shown in Fig. 2 . The SEM images show that the cement is irregular in shape and its particle size is around 2 lm, whereas the fly ash shape is relatively spherical and approximately 3 lm in size. It is because the specific gravity of fly ash is lower than cement. It can be deduced that the fly ash particle is bigger and has a more specific surface area than cement particle. Therefore, the information shown in SEM images is consistent with the Blaine fineness test and d 50 data in Table 3 .
Volumetric properties of the mixture
In this study, the effect of the amount and type of filler on the volumetric properties of the mixture was examined. The asphalt content of 5.0% was fixed for all the mixes. The results of volumetric properties of all specimen designs are summarised in Table 4 . The bulk specific gravity (G mb ) values of the mixtures with filler added are higher than those of the HMA and PMA mixes. The HMA and PMA specimens have higher the total voids in the mix (VTM) and the voids in mineral aggregate (VMA), but lower the voids filled by asphalt (VFA) than those of the mixtures with filler added. This is because the filler can fill the void and increase the density of the mixture.
Comparing among the mixtures with filler added, the fly ash provides the denser properties than the cement, in which the mix with 5% fly ash has the highest G mb and lowest the VTM. The mix with both cement and fly ash has the intermediate values of the volumetric properties. It is possible that filler, for a certain size range, would fill up voids among the aggregates, thereby decreasing the VMA. The decrease in the VMA could indirectly lead to the decrease in the VTM even though the asphalt content of all mixes is fixed. Certain fillers require more asphalt to wrap onto its surface because of the relatively higher specific surface area, thus resulting in a higher VFA.
Strength and stiffness of the mixture
Marshall stability
The Marshall stabilities and flows of all asphalt concrete specimens were tested. The ratio of stability (kN) to flow (mm), stated as the Marshall quotient (MQ), and as an Table 6 . It is well-recognised that the MQ is a measure of the material's resistance to shear stresses, permanent deformation, and hence rutting. The high MQ values indicate a high stiffness mix and resistance to creep deformation. Fig. 3 illustrates the MQ for all mixtures. The results indicated that the PMA has highest MQ value and the more cement added the higher MQ can be observed. Conversely, the fly ash has less influence to the MQ value. However, the combination of cement and fly ash as fillers can significantly increase the MQ value of the mixture. The filler content is in the range of 3-5%, in which the mixture with 2.5% cement + 2.5% fly ash provides the MQ value almost closed to the PMA mix.
Indirect tensile strength
The indirect tensile tests (IDT) were carried out on unconditioned (dry) and conditioned (wet) specimens at standard temperature (25°C) and hot temperature (55°C). The test results are summarized in Table 6 and plotted as shown in Figs. 4 and 5 . The IDT is normally conducted to determine the tensile properties of the asphaltic concrete, which can be further related to the cracking properties of the pavement. Fig. 4 illustrates the average indirect tensile strength (ITS) under dry conditions of the asphalt specimens treated with filler material. The result indicates that the use of cement and fly ash result in increasing in the ITS comparing to the HMA mix around 10-15% at 25°C and almost 50% at 55°C. However, the ITSs of all filler mixtures are still lower than the ITS of PMA mix. Fig. 5 presents a comparison of the average ITS of the unconditioned and conditioned specimens at 55°C. The tensile strength ratio (TSR), defined as the ratio between the ITS of conditioned and unconditioned sample at 55°C, is an indicator for moisture susceptibility. The results show that both cement and fly ash can significantly increase the ITS of conditioned specimens at 55°C, especially the 5% cement and 5% fly ash specimens offer the ITS values as good as the PMA specimen. It is noted that the TSR at 55°C for the mixes C1, C3 and C5 are slightly greater than 100%. This might be from the influence of cementation in the first 24 h. The samples were better curing when soaked in the water than air-dried conditions.
Resilient modulus
Similar to the ITS, the cement and fly ash can improve the stiffness of asphalt concrete. The resilient modulus (Mr) is a significant parameter for pavement design as indicated by the material stiffness. The test results of resilient modulus are also summarised in Table 6 and plotted as shown in Figs. 6 and 7. Fig. 6 shows that the Mr values are increased by cement and fly ash. The presence of filler may modify the viscoelastic properties of the asphalt mastic and affect the mixture's stiffness. However, an excessive amount of filler could reduce the viscous behaviour of asphalt mastic and result in decreasing the Mr value. In this study, the suitable amount of cement and/or fly ash was found to be in the range of 1-3%.
Dynamic creep performance
Rutting is the major distress found in flexible pavement. It is the permanent deformation in the transverse profile in the wheel patch, starting at zero rut depth and increasing with the number of loading repetitions. A repetitive uniaxial compressive load on cylindrical specimen from the dynamic creep test provides a reasonable simulation of asphalt pavement subjected to repetitive axle loads. In this study, all mixture specimens were firstly performed in dry conditions at 25°C according to BS DD226 [16] . To evaluate the moisture susceptibility, the dynamic creep tests for all mixture specimens were conducted in dry and wet conditions at hot temperature (55°C). The dynamic creep test results known as creep curves were plotted as shown in Figs. 8-10 for dry-conditioned at 25°C, dry-conditioned at 55°C and wet-conditioned at 55°C, respectively. Two parameters, the accumulated strain at 1800 cycles and the accumulated strain rate, were determined from the curves as reported in Table 6 .
The results indicate that the cement and fly ash can improve the resistance to performance deformation. The 5% cement, 3% fly ash and 1.5% cement + 1.5% fly ash are the mixtures that can provide resistance to permanent deformation as similar to the PMA mix. The fillers can enhance the rutting resistance of asphalt concrete, especially at high temperature, when the asphalt behaves softly.
Moisture susceptibility
In tropical countries like Thailand, moisture susceptibility is one of the most important distress mechanisms leading to premature failure of asphalt pavements. There are many researchers trying to study and develop the methods of testing [11, 22] . In this study, the test results of the conditioned specimens can be used to indicate the moisture susceptibility. Basically, higher values of ITS, Mr and accumulated strains of conditioned samples may indicate greater resistance to moisture damage. The indirect tensile strength ratio (TSR) is a common parameter to evaluate moisture susceptibility. The TSR for all mixes are reported in Table 6 and Fig. 5 . The results indicate that the cement and fly ash as filler can enhance the moisture susceptibility of the asphalt concrete. The 1% cement mixture gives the highest number of the TSR. However, the 1.5% cement + 1.5% fly ash mixture offers the highest Mr and accumulated strain values in wet conditions, which is similar to the values of PMA mix. It seems that the combination of the cement and fly ash as filler can increase the moisture susceptibility of the HMA as good as the PMA mix.
Discussion and conclusion
Filler is usually added to asphalt concrete mixtures as a stiffening and void-filling material. This study evaluated totally 11 groups of specimens with various cement and/ or fly ash contents and a 5% asphalt content. The hot mix asphalt (HMA) and polymer modified asphalt (PMA) mixtures without filler added were prepared for a sake of comparison. The mechanical properties of these mixtures were determined at 25°C and 55°C and moisture susceptibility tests were conducted at 55°C to determine their moisture damage potential. The influence of cement and fly ash as filler materials on the performance of asphalt concrete can be discussed as follows:
(1) It is obvious that the filler can fill the void and increase the density of the mixture. It is resulting in increasing the bulk specific gravity (G mb ) and reducing the voids in the total mix (VTM). However, the fly ash provides denser properties than cement because the fly ash has greater specific surface area. The more specific surface area the more asphalt to wrap its surface, thus resulting in a higher void filled with asphalt (VFA). Moreover, the filler can perform as a tiny roller during the compaction process. If the filler has a large enough diameter and a regular shape, it will act as a friction-lubricating agent [9] . The relationship between types of fillers and voids of mineral aggregates directly affects the work ability of the mixture. The bigger size and more regular shape of fly ash particle may act as rollers that facilitate less friction in the mastic during compaction, thereby resulting in a tighter packing and a lower void in the mineral aggregate (VMA). (2) Results from this study shows that cement and/or fly ash were beneficial in terms of improved strength, stiffness and stripping resistance of asphalt mixture. Mechanical properties and moisture damage testing results indicated that the use of 1.5% cement + 1.5% fly ash improves the resilient modulus (Mr) of the mix at low and high temperature. Since cement increases the strength of asphalt concrete [4] and fly ash increases the stripping resistance of mix [23] , the combined use of both cement and fly ash might be the optimum filler solution. (3) For pavement distress, the addition of cement and/or fly ash in asphalt concrete mixture significantly reduces the permanent deformation of the mix, especially in wet and high temperature. The results show that the mix of 1.5% cement + 1.5% fly ash provides the best rutting resistance.
In this study, investigation of volumetric and mechanical properties of asphalt concrete mixtures revealed that cement and/or fly ash imparted different enhancements to mixtures. It is concluded that the filler interacted with other constituent materials in the asphalt concrete mixture contributes to the mixture's performance. The combination of cement and fly ash mixture exhibited better strength, stiffness and moisture damage resistance. It is well-known that the PMA considerably increases mechanical performances and work ability of the asphalt concrete mixture [22, 24] . Therefore, an alternative of using filler to improve the conventional HMA might be the optimal solution in the practice. It is noted that some more research would be suggested to be conducted in future, such as the influence of the optimum asphalt content and the fatigue performance.
